The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology of Type 2 diabetes have been debated extensively. The concept that a feedback loop governs the interaction of the insulin-sensitive tissues and the beta cell as well as the elucidation of the hyperbolic relationship between insulin sensitivity and insulin secretion explains why insulin-resistant subjects exhibit markedly increased insulin responses while those who are insulin-sensitive have low responses. Consideration of this hyperbolic relationship has helped identify the critical role of beta-cell dysfunction in the development of Type 2 diabetes and the demonstration of reduced beta-cell function in high risk subjects. Furthermore, assessments in a number of ethnic groups emphasise that beta-cell function is a major determinant of oral glucose tolerance in subjects with normal and reduced glucose tolerance and that in all populations the progression from normal to impaired glucose tolerance and subsequently to Type 2 diabetes is associated with declining insulin sensitivity and beta-cell function. The genetic and molecular basis for these reductions in insulin sensitivity and beta-cell function are not fully understood but it does seem that body-fat distribution and especially intra-abdominal fat are major determinants of insulin resistance while reductions in beta-cell mass contribute to beta-cell dysfunction. Based on our greater understanding of the relative roles of insulin resistance and beta-cell dysfunction in Type 2 diabetes, we can anticipate advances in the identification of genes contributing to the development of the disease as well as approaches to the treatment and prevention of Type 2 diabetes. [Diabetologia (2003) 46:3-19] 
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Introduction
The pathogenesis of Type 2 diabetes has been studied extensively. In the course of this work it has become abundantly clear that by the time hyperglycaemia develops, reductions in both insulin sensitivity and betacell function have already occurred [1] . While it is clear that hyperglycaemia is associated with both insulin resistance and beta-cell dysfunction, there has been much debate over the past few decades regarding the relative importance of these two abnormalities. Many groups have suggested that insulin resistance is the primary abnormality and that beta-cell dysfunction is a late event that arises from the prolonged, increased secretory demand placed on the beta cell by insulin resistance [2, 3] . In contrast, others have suggested that reduced beta-cell function, manifest as decreased insulin release, is a prerequisite for the progression from NGT to hyperglycaemia [4, 5, 6] .
This disagreement over the relative importance of insulin resistance versus beta-cell dysfunction is partly due to the fact that evaluation of these parameters has frequently been done in isolation. This approach does not take into account the fact that glucose homeostasis, as is the case for most endocrine systems, is vitally dependent on a feedback system. Once consideration is given to the presence of a tightly regulated feedback system incorporating the beta cell and the insulin-sensitive tissues, it becomes abundantly clear that reductions in both insulin sensitivity and beta-cell function are present early in the course of the development of Type 2 diabetes. This review will focus on the importance of insulin resistance and beta-cell dysfunction in the pathogenesis of Type 2 diabetes. In the course of the discussion, it will be apparent that changes in beta-cell function are both an early and critical component in the pathogenesis of the hyperglycaemia of Type 2 diabetes.
The natural history of Type 2 diabetes
It is now well established that the development of Type 2 diabetes results from an interaction of a subject's genetic makeup and their environment, and that with the increasing prevalence of obesity [7] , the prevalence of diabetes is reaching epidemic proportions [8] . The development of obesity seems to be an important factor portending the development of insulin resistance [9, 10] , which in the presence of a genetically determined propensity to beta-cell dysfunction results in alterations in glucose tolerance. Unfortunately, while it had previously been considered that Type 2 diabetes was essentially a disease of middle aged and older subjects and that it took years to develop, this concept is currently undergoing re-evaluation. This is due to the emergence of Type 2 diabetes as a new and very serious health problem in children [11, 12] . It is of interest that the limited studies currently carried out in these children suggest the co-existence of obesity, insulin resistance and beta-cell dysfunction as occurs in older Type 2 diabetic patients [13] .
Historically, clinicians have found that controlling hyperglycaemia in Type 2 diabetes can be difficult, frequently requiring increasing doses of oral antidiabetic agents and the addition of insulin. This progressive nature of Type 2 diabetes has been further highlighted by two recent, large clinical studies performed on opposite sides of the Atlantic. In the United Kingdom Prospective Diabetes Study (UKPDS), despite treatments to establish euglycaemia in the intensive policy group, glycaemic control deteriorated so that additional pharmacological therapy was required.
Thus, after 9 years only 25% of the subjects in the intensive treatment arm were achieving a HbA1c of less than 7% with monotherapy alone [14, 15] . Recently, the Diabetes Prevention Program (DPP) reported that in subjects with IGT, an intensive lifestyle intervention and metformin reduced the rate of development of diabetes by 58% and 31%, respectively compared to placebo [16] . This large study which involved more than 1 000 subjects in each arm also showed that in subjects with IGT, the natural history was a continued progressive deterioration of glycaemia so that the fasting plasma glucose concentration and HbA 1 c increased over time. The basis for progression in the UKPDS was examined using the Homeostasis Model Assessment (HOMA) which suggested that in this cohort of subjects with recently diagnosed Type 2 diabetes, an ongoing decline in beta-cell function without a change in insulin sensitivity was occurring [17, 18] . The underlying cause of the progression from IGT to diabetes in subjects in the DPP has not yet been reported. Based on data that will be discussed subsequently, one can anticipate that a loss of beta-cell function will also be observed at this earlier stage in the natural history of the disease and that insulin resistance may make an additional contribution. In addition, our current understanding of the contribution of obesity and body fat distribution to insulin sensitivity will be further elucidated by examination of the data collected in the DPP.
Determinants of insulin sensitivity and the importance of body fat distribution
Despite tremendous advances in molecular biology and the continued identification of increasingly more molecules involved in the insulin signalling cascade [19] , the molecular mechanism(s) that underlies the development of insulin resistance in humans still remains elusive. What has become apparent is that insulin sensitivity is influenced by a number of different factors such as genetics [20] , age [21, 22] , acute exercise [23] , physical fitness [24] , dietary nutrients [25] , medications [26, 27, 28] , obesity [9, 10, 29, 30, 31, 32] and body fat distribution [31, 33, 34, 35, 36, 37, 38] . A discussion of some of these follows.
Examination of groups of healthy subjects in a number of different populations has shown that known genetic mutations associated with insulin resistance are rare [20, 39, 40, 41, 42, 43, 44] . For instance, in a cohort of markedly insulin-resistant subjects, two different dominant negative mutations of the peroxisome proliferator activating receptor gamma (PPAR-γ) receptor could only explain less than 4% of these cases [20] , with the effect of this mutation on obesity and diabetes being debated [45, 46, 47] . From this it seems unlikely that a single genetic alteration explains a large number of the "garden variety" cases of insulin resistance. Rather, it is more likely that a number of different genes may contribute, some of which may be obesity genes.
Three commonly encountered examples of factors that influence insulin sensitivity but are apparently not genetically determined are aging, exercise and dietary constituents. Aging is typically associated with diminished insulin sensitivity [21, 22] . Exercise is more complex because it has both acute and chronic effects, both of which are capable of improving insulin sensitivity [23, 24] . However, even the long term effect of exercise training on insulin sensitivity is relatively short lived, waning significantly within a few days after stopping regular exercise [23, 48] . Dietary constituents have also been shown to modulate insulin sensitivity. This effect is partly related to age, with aging being associated with a decline in the body's responsiveness to carbohydrate [25, 49] . Thus, the typical Western diet tends to promote a reduction in insulin sensitivity that is not fully explained by the obesity that is commonly associated with the consumption of these diets that contain increased fat. Conversely, the consumption of increased amounts of carbohydrate is associated with an increase in insulin sensitivity within a period as short as 3 days [49] , and in improved glucose tolerance particularly in the elderly [25, 49] and those with Type 2 diabetes [50]. Finally, a number of medications including corticosteroids [26] , growth hormone [27] and nicotinic acid [28] have all been shown to induce insulin resistance. However, even when the effects of age, diet and exercise are considered as potential explanations for differences in insulin sensitivity, there is still a large residual variation that has to be related to other factors. We believe that a major component of this residual variation is related to obesity, but more importantly to differences in body fat distribution.
It is well recognised that obesity is an important determinant of insulin sensitivity [9, 10, 29, 30, 31, 32] . Body-fat distribution, however, seems to be a critical aspect. Central body fat accumulation is associated with insulin resistance whereas peripheral body fat accumulation seems to be of less critical importance. Whereas it is generally agreed that central deposition of fat is of greater importance metabolically [31, 51, 52] , there has been some debate about the relative roles of the different central depots in determining insulin sensitivity. Several groups have made a strong case that the intra-abdominal depot is the primary correlate of insulin sensitivity [31, 33, 35] , while others have proposed that the central subcutaneous fat depot is the major factor determining a reduction in insulin sensitivity [36, 53] .
To examine central fat distribution, investigators have used computed tomography (CT) or magnetic resonance imaging (MRI). Using CT scans, we found that visceral or intra-abdominal fat is better correlated with insulin resistance than centrally located subcutaneous fat. In our initial study of a small cohort of Japanese American men, we did not find a relationship between insulin sensitivity and BMI but did find that the quantity of intra-abdominal fat was related to insulin sensitivity [35] . Based on our work with 93 young, apparently healthy subjects [54] and on our more recent studies in a group of 174 subjects (73 men / 101 women) with a broad age range (30-75 years) [38], it has become apparent that the relationship between BMI and insulin sensitivity is non-linear, rather than linear as had been traditionally thought. As with BMI, the relationship between insulin sensitivity and subcutaneous fat or intra-abdominal fat was nonlinear, with intra-abdominal fat being most strongly correlated explaining 47% of the variance in insulin sensitivity. The importance of intra-abdominal fat in the determination of insulin sensitivity was further highlighted by the fact that it was the most important contributor to insulin sensitivity in a multiple regression model that included subcutaneous fat, WHR and BMI.
Further analyses of the data from these 174 subjects has provided information on other aspects related to central body fat distribution, insulin sensitivity and the two adipose tissue derived peptides, leptin and adiponectin [38, 55] . First, sex does not seem to affect the relationship between the quantity of intra-abdominal fat and insulin sensitivity (Fig. 1A) . Second, the individual data demonstrated a large degree of overlap in the amount of intra-abdominal fat between insulinresistant subjects with lower and higher BMI, based on a cutpoint of 25 kg/m 2 (Fig. 1B) . Thus, some of the leaner subjects were insulin-resistant and had large amounts of intra-abdominal fat while some of the more obese subjects were insulin-resistant and had relatively small amounts of intra-abdominal fat. These findings are in keeping with the fact that a number of factors besides intra-abdominal fat determine insulin sensitivity. Third, whereas intra-abdominal fat is a major determinant of insulin sensitivity, subcutaneous fat seems to be the major contributor to plasma leptin concentrations. This finding suggests that the concurrent accumulation of fat in these two depots is responsible for the insulin resistance and increased plasma leptin concentrations typically observed in most obese subjects. It also does not seem that insulin sensitivity per se is a major determinant of plasma leptin concentrations. Fourth, adiponectin, an adipose tissuederived protein in which there has recently been great interest because of its potential role in the determination of insulin sensitivity [56, 57] , is more strongly inversely related to intra-abdominal than to subcutaneous fat [55, 56] . Further, as with leptin, plasma adiponectin concentrations are higher in women than in men [55, 58] . However, it is unclear whether this sexbased difference in adiponectin concentrations is related to the fact that women have greater amounts of body fat than men [59] . Future studies will determine the potential role of adiponectin in the pathogenesis of insulin resistance as it relates to obesity and its associated disorders.
If the intra-abdominal fat depot were an important determinant of insulin sensitivity, one would predict that interventions that reduce the mass of adipose tissue within the peritoneal cavity should be associated with improvements in insulin sensitivity. This was shown to be the case in studies involving weight loss or exercise training. As mentioned, older subjects are insulin resistant and have increased central adiposity, especially visceral fat [60] . In a study of 21 older men, a 3-month weight loss program was associated with an average 10 kg (10%) weight loss, of which 80% was fat. This reduction in fat mass was associated with a 24% reduction in intra-abdominal fat area, a 58% improvement in insulin sensitivity and the development of a less atherogenic lipid profile [61] . Similar findings were reported by Goodpaster et al [37] who also examined total fat and fat-free mass and found that these parameters decreased along with a reduction in thigh muscle fat. The outcomes of a study involving older men who underwent a 6-month exercise training program also support the importance of intra-abdominal fat as a determinant of insulin sensitivity. In this study exercise training resulted in a 25% reduction in intra-abdominal fat area and a 36% improvement in insulin sensitivity [24, 62] . The findings are, however, hard to interpret as fat was also lost from peripheral sites such as the thigh and because exercise per se can improve insulin sensitivity [23] . Of additional interest and in support of the role of intra-abdominal fat as a determinant of insulin sensitivity is the observation that the thiazolidinediones, which induce adipocyte differentiation [63] , not only improve insulin sensitivity but also increase fat deposition in the subcutaneous rather than the intra-abdominal fat compartment [64, 65] . These PPAR-γ agonists have also been shown to "favorably" alter the plasma concentrations of adipocyte-derived proteins by decreasing resistin [66] and increasing adiponectin [67] .
Against this background it seems that an important factor in determining insulin sensitivity in apparently healthy men and women is central adiposity, and specifically intra-abdominal fat accumulation. While it is unclear what is the mechanism(s) by which body-fat distribution influences insulin sensitivity, the continued recognition of adipose tissue as an active endocrine organ suggests that a fat produced molecule may well be an important mediator of changes in insulin sensitivity. What is clear is that differences in the deposition of fat and secretion of molecules from these depots explains much of the variability in these parameters in healthy subjects and through such a mechanism contributes to differences in disease risk amongst these subjects.
Beta-cell dysfunction in Type 2 diabetes
Once hyperglycaemia exists, beta-cell dysfunction is clearly present in subjects with Type 2 diabetes. This change is manifest in a number of different ways including decreases in the insulin response to intravenous glucose [68, 69, 70] and a decline in the ability of glucose to potentiate the insulin response to nonglucose secretagogues such as the amino acid arginine [71] , hormones such as secretin [72] , the β-adrenergic agonist isoproterenol [72] and sulfonylureas such as tolbutamide [73] . In addition, alterations in pulsatile insulin release [74, 75] and ultradian oscillatory insulin secretion [76] can be observed. The beta cell is also unable to oscillate in concert with the fluctuations in plasma glucose induced by an oscillating glucose 6 S. Kahn: The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology infusion [76] . Finally, inefficient proinsulin processing to insulin [77, 78, 79, 80, 81, 82, 83] and a reduction in the release of islet amyloid polypeptide (IAPP), known also as amylin [84, 85, 86, 87] , have been observed in established Type 2 diabetes. These alterations in beta-cell function have been observed in Type 2 diabetic subjects, typically following the administration of intravenous stimuli. The beta cell's response to oral ingestion, however, involves the simultaneous interaction of a number of functional parameters in order to ensure an insulin response to caloric ingestion. In Type 2 diabetes, assessment of insulin release following oral glucose ingestion has focused both on the early and late plasma insulin responses. Because of the effect of glucose to both stimulate and potentiate the beta cell, insulin concentrations late in the test will frequently appear to be increased compared to those observed in a normal person at the same time point. This observation has led to the concept that beta-cell function in response to oral stimulation may not be deficient in subjects with Type 2 diabetes. However, this conclusion is not correct if the early insulin response (in the first 30 min) is examined. In this case the response is clearly reduced in patients with Type 2 diabetes from a variety of ethnic/race groups and is a definite feature of the disorder [88] . In fact, examination of the data obtained by Yalow and Berson when they developed the insulin RIA clearly demonstrates that patients with early Type 2 diabetes have lost a portion of this early response [89] .
Although beta-cell dysfunction is clearly evident in patients with Type 2 diabetes, it is still debated whether this feature is an early abnormality or whether it occurs late in the natural history of the disease. With advances in our understanding of the regulation of insulin release, it seems that beta-cell function is diminished early in the disease process and declines progressively as glucose tolerance deteriorates. This conclusion is based on the understanding that valid representation of beta-cell function requires interpretation of insulin responses in the context of the prevailing degree of insulin sensitivity.
Insulin sensitivity as a modulator of insulin release
Under normal circumstances, insulin secretion by the beta cell is a complex event modulated by a number of variables including the nature and quantity of the secretagogue, the route of its administration, the glucose concentration at the time of administration of the stimulus and the prevailing degree of insulin sensitivity [54, 90] . While the importance of the first four factors has become fairly well understood over the last 25 years or so, the importance of insulin sensitivity as a determinant of the magnitude of the insulin response is less widely appreciated.
From shortly after the development of the insulin RIA, it has been well recognised that obesity and its associated insulin resistance are associated with basal and stimulated hyperinsulinaemia [10, 68, 91, 92] . However, the nature of this regulation was not determined until more recently [54] . With the advent of techniques for quantifying insulin sensitivity, it seems that it is not obesity per se that is responsible for the greater insulin responses but rather that variation in insulin sensitivity modulates insulin release. Thus, insulin-resistant subjects have greater insulin responses to glucose and non-glucose secretagogues whereas insulin-sensitive subjects have smaller insulin responses. We have quantified the relationship between the insulin responses to intravenous stimuli and insulin sensitivity by assessing these two variables in a large cohort of healthy subjects younger than 45 years of age [54] . As postulated previously [93] , we found that the relationship between insulin sensitivity and insulin secretion is non-linear and best described by a hyperbolic function. The nature of this relationship implies that the product of insulin sensitivity and insulin response is a constant for a given degree of glucose tolerance. This hyperbolic relationship exists whether the insulin response is examined following intravenous administration of glucose ( Fig. 2A) or non-glucose secretagogues (Fig. 2B) . Based on these analyses, it is also apparent that the variation in insulin release that occurs in response to differences in insulin sensitivity is the result of changes in the secretory capacity of the beta cell and not its sensitivity to glucose [28, 54] (Fig. 2B) . Our finding of a hyperbolic relationship between insulin sensitivity and insulin secretion in healthy subjects has been confirmed in large cohorts of Danish [94] and Pima Indian subjects [95] .
The hyperbola that describes the relationship between insulin sensitivity and insulin release also implies that a feedback loop governs the interaction between the beta cell and the insulin-sensitive tissues. Thus, for glucose tolerance to remain constant when insulin sensitivity varies, a proportionate and reciprocal alteration in insulin output has to occur. This can best be visualised by examining the percentiles for the relationship between insulin sensitivity and the insulin response. The mean relationship is represented as the 50 th percentile. Percentiles above the 50 th represent enhanced insulin responses for the degree of insulin sensitivity, whereas reduced responses are represented below the 50 th percentile ( Fig. 2A, B) . It would then be predicted that for glucose tolerance to remain constant if insulin sensitivity changes, then the percentile ranking must remain constant. If insulin secretion does not change appropriately, glucose tolerance will differ. Therefore, the product of insulin sensitivity and the insulin response provides a true measure of betacell function, rather than the insulin or C-peptide response examined in isolation.
Based on human studies in which an increase or decrease in insulin sensitivity was produced by an experimental intervention, it seems that glucose might not necessarily be the sole mediator of this regulation. This conclusion has been reached based on the fact that the fasting glucose concentration changed in the opposite direction to what would be predicted if it were to be the primary mediator. Thus, the fasting glucose concentration has been observed to increase when insulin sensitivity improved and insulin responses declined [24] , a scenario where one would have expected it to be lower. The fasting glucose concentration decreased rather than increased when insulin resistance was produced and insulin release increased as an adaptive response [28] . This adaptive increase in insulin release in response to a decrease in insulin sensitivity can occur relatively quickly, as observed after only 2 weeks of experimental insulin resistance induced by nicotinic acid administration in young healthy subjects [28] . Further validation of the concept of a feedback loop and the need to assess betacell function based on the interaction of insulin sensitivity and insulin release is provided by the observation that while insulin secretion increased in response to nicotinic acid-induced insulin resistance, this compensation was incomplete. Thus, the product of insulin sensitivity and the acute insulin response to intravenous glucose, called the disposition index [93] , declined in the group as a whole and was associated with a mild deterioration of intravenous glucose tolerance. However, under other circumstances complete adaptation can occur, but this could take longer. As an example, complete adaptation was observed in older subjects who underwent a 6-month intensive exercise training program [24] . In this group, the improvement in insulin sensitivity was balanced by a reciprocal reduction in insulin release resulting in no change in either intravenous or oral glucose tolerance. Thus, the beta cells of older subjects adapted almost perfectly to the increase in insulin sensitivity, "defending" a state of reduced glucose tolerance. Whether this regulation of beta-cell function is governed by a central neural process or is the result of a humoral signal, such as NEFA or one of the incretin peptides, is not known.
The hyperbolic relationship between insulin sensitivity and insulin responses has important implications for estimating the adequacy of a beta-cell response in humans. As differences in insulin sensitivity must be balanced by reciprocal changes in insulin release in order to maintain glucose tolerance, it is apparent that although insulin responses may be identical in groups of subjects, if insulin sensitivity is not the same, betacell function is different. Thus, it is essential that we consider insulin sensitivity and insulin responses together when evaluating beta-cell function in subjects at risk of developing Type 2 diabetes and when assessing the importance of beta-cell function to glucose tolerance. These issues, in relation to both intravenous and oral stimulation, are discussed in greater detail in the following two sections.
Beta-cell dysfunction is present prior to the development of Type 2 diabetes: observations with intravenous testing Data from the UKPDS strongly suggest that beta-cell dysfunction commences years before hyperglycaemia develops [18] . This interpretation is based on a backward extrapolation of findings made in this cohort from shortly after the clinical diagnosis of Type 2 dia- betes. Although this concept is certainly gaining support, the need to extrapolate findings from subjects with Type 2 diabetes to that believed to be occurring prior to the diagnosis of the disease is perhaps limiting the acceptance of this idea. Thus, while there is no doubt that defects in beta-cell function exist in all subjects with hyperglycaemia, when this abnormality begins has been a subject of debate. A major reason why there has been a failure to recognise the existence of defects in beta-cell function very early in the course of the development of Type 2 diabetes is because both systems involved in glucose regulation, the islet beta cell and the insulin-sensitive tissues, are commonly not examined in concert. Based on the concept of a feedback loop, it has become evident that subjects who are at high risk of developing Type 2 diabetes have diminished beta-cell function at a time when many of them still have NGT. Thus, first-degree relatives of patients with Type 2 diabetes [96, 97, 98] , women with a history of gestational diabetes [99, 100, 101] or polycystic ovarian disease [96, 102] , older subjects [22, 24, 103] and subjects with impaired glucose tolerance [104, 105] can all be shown to have beta-cell dysfunction, manifest as a first-phase insulin response to intravenous glucose that is reduced relative to the degree of insulin sensitivity (Fig. 3) . Using this approach, the majority of subjects who have two first-degree relatives with Type 2 diabetes have percentile scores that place them below the mean (50 th percentile) for the relationship between insulin sensitivity and insulin secretion, which is in keeping with their high risk status [106] (Fig. 4) .
These findings derived from cross-sectional data are supported by a longitudinal study in Pima Indians that has also shown the importance of accounting for the hyperbolic relationship between insulin sensitivity and insulin secretion and demonstrated the presence of impaired beta-cell function in those destined to progress to Type 2 diabetes [95] . Multiple measures of insulin sensitivity and insulin secretion were carried out in subjects in this very high-risk population group who were NGT at baseline and were followed for an average of 5 years (Fig. 5) . Seventeen (35%) of these subjects progressed from NGT to IGT and then to diabetes during follow up. At baseline, the NGT subjects who subsequently progressed to hyperglycaemia had an insulin response to glucose that was reduced relative to insulin sensitivity, indicating diminished betacell function. During follow up, insulin secretion declined progressively by 78% while insulin sensitivity decreased by only 14%. In a matched group of 31 subjects who did not develop diabetes, insulin sensitivity decreased similarly by 11%, but this change was associated with a 30% increase in insulin secretion, representing an adaptive response to maintain normal beta- Fig. 3 . Percentile lines for the relationship between insulin sensitivity (S I ) and the first-phase insulin response (AIRglucose) based on data from 93 normal subjects [54] . Mean data from six other studies are plotted. The ten subjects with Type 2 diabetes are insulin-resistant and have markedly impaired insulin secretion [166] . Thirteen healthy older subjects show that aging is associated with insulin resistance and a reduction in beta-cell function [24] . Reduced beta-cell function is also manifest in eight women with a history of gestational diabetes (GDM) [99] , 11 women with polycystic ovarian disease (PCO) and a family history of type 2 diabetes [96] , 21 subjects with IGT [105] , and in 14 subjects with a first-degree relative with type 2 diabetes mellitus [97] . The reduction in beta-cell function in these latter three groups is compatible with their high risk of subsequently developing type 2 diabetes. Reprinted from [167] Fig. 4 . Individual values for the percentile scores for the disposition index (S I x AIRg) in 30 first-degree relatives of subjects with Type 2 diabetes and 24 apparently healthy control subjects. The means±SEM for the two groups are illustrated as is the 50 th percentile. Amongst the relatives, 21 of the 30 (70%) subjects fall below the 50 th percentile whereas in the apparently healthy control subjects 12 out of 24 (50%) do so. The percentile score was determined based on the formula derived in a separate healthy population [54] . Reprinted from [106] cell function. Thus, in this group the expected relationship between insulin sensitivity and insulin release was maintained (Fig. 5) .
In keeping with the fact that Type 2 diabetes has a strong genetic component, it is of interest that a study examining the heritability of beta-cell function, assessed as the insulin response relative to insulin sensitivity, found a heritability of 67% in 120 subjects who had either IGT or NGT and 70% when only the 94 NGT subjects were examined [107] . When the insulin response to intravenous glucose was considered in isolation, it could not be shown to be an inherited phenotype [107] . This finding suggests that unless the loss of the insulin response is extremely large and already associated with frank diabetes, genetic defects will be difficult to identify unless the modulating effect of insulin sensitivity is considered.
The cross-sectional studies in groups of high risk subjects, the longitudinal study in Pima Indians and the heritability studies in families support the existence of the hyperbolic relationship and the need to interpret beta-cell function based on this interaction. Thus, re-examination of data from some other studies of high risk subjects with NGT would suggest that the conclusions in those papers disputing the presence of beta-cell dysfunction are erroneous because no difference in the insulin responses existed between groups despite the presence of insulin resistance, indicating impaired beta-cell adaptation [108, 109, 110, 111, 112, 113, 114] .
Secretion of insulin by the beta cell is typically associated with the release of IAPP. IAPP is co-localized within the same secretory granules as insulin [115] and is typically co-released with insulin in vitro in response to glucose and non-glucose secretagogues [116, 117] . This same parallelism is present in humans in response to both glucose [106, 118] and arginine over a broad range of glucose concentrations [119] with IAPP release being reduced in Type 2 diabetes [84, 85, 86, 87] . Based on the findings of similar insulin and IAPP responses, it could be anticipated that IAPP release would also be modulated by insulin sensitivity. This is indeed the case [120] . Therefore, it could also be predicted that beta-cell function in terms of IAPP release would be diminished in parallel with that of insulin in subjects at risk of developing Type 2 diabetes. We have confirmed this hypothesis in assessments of older subjects and first-degree relatives of subjects with Type 2 diabetes in whom a reduced IAPP response to glucose injection has been shown [106, 118] . As with the insulin response, the magnitude of the IAPP response was similar to that observed in the control groups, the latter comprised of younger subjects and age-matched subjects with no family history respectively. However, as insulin sensitivity was reduced in the subject groups, when the IAPP responses were evaluated in the light of the reduction in insulin sensitivity, the magnitude of the IAPP responses was reduced, representing another manifestation of beta-cell dysfunction. Since the changes in IAPP release were similar to those observed for insulin, it seems that assessing IAPP in high risk subjects does not provide any additional information regarding beta-cell function beyond that obtained by assessing the insulin response relative to the prevailing degree of insulin sensitivity.
These observations examining the early response to intravenous glucose are supported by observations using other intravenous-based tests. Studies in subjects at high risk including first degree relatives of subjects with Type 2 diabetes [121, 122] , women with a history of gestational diabetes [100] or polycystic ovarian disease [96] and subjects with IGT [123, 124] have shown reductions in the later (second-phase) insulin response to intravenous glucose [121] , in glucose potentiation of insulin release [123] , in pulsatile insulin secretion [74, 122] , in oscillatory insulin release [96, 100, 124] and in the ability of an oscillating glucose infusion to induce oscillations in insulin secretion [96, 100, 124] .
In summary, examination of a number of different intravenous based parameters, especially when considering the prevailing degree of insulin sensitivity, has emphasised the fact that beta-cell dysfunction is present well before the onset of hyperglycaemia. On the other hand, evaluations using data obtained following oral nutrient ingestion are more complex. However, as discussed in the following section, close examination of these responses also shows the presence of impaired beta-cell function in subjects at risk of developing Type 2 diabetes, even when these subjects have NGT. Changes in beta-cell function measured as the acute insulin response to glucose (AIR) relative to changes in insulin sensitivity measured by the clamp technique at a low insulin concentration (M-low). These measurements were made in 11 Pima Indians in whom glucose tolerance deteriorated from NGT to IGT to diabetes (DIA) (progressors), and in 23 subjects who maintained NGT throughout (non-progressors). The lines represent the prediction line and the lower and upper limits of the 95% confidence interval of the regression between the AIR and M-low as determined from a population of 277 Pima Indians with normal glucose tolerance. Reprinted from [95] Beta-cell dysfunction is present prior to the development of Type 2 diabetes: observations with oral testing After oral glucose ingestion, several factors determine the magnitude of the insulin response [90] . The interpretation of insulin concentrations during an OGTT is complicated by the fact that matching of glucose concentrations and thus the primary stimulus is difficult. This is particularly true later in the test when variation in the glucose concentration also determines the categorisation of glucose tolerance. However, earlier after glucose ingestion, the stimulus presented to the beta cell is more similar and thus the insulin response is more comparable.
In many instances, the early insulin response has been quantified as the increment of the plasma insulin concentration during the first 30 minutes after oral glucose ingestion. To account for the small variations in the magnitude of the glucose stimulus that provokes this early insulin response, it has been divided by the increment in plasma glucose over the same time period [125] . This measurement is frequently referred to as the insulinogenic index. As with intravenous testing, however, this calculated index does not account for the potential modulating and confounding effect of insulin sensitivity on the insulin response.
Because of the severity of the defect, examination of the early insulin response to oral glucose in patients with Type 2 diabetes has shown that this measure is diminished in nearly all populations with the disease. However, in subjects with IGT it has been difficult to consistently demonstrate a reduction in the insulinogenic index, which is even frequently enhanced in this group when compared to those with NGT. On this basis some have ruled out beta-cell dysfunction as a cause of the deterioration in glucose tolerance that defines IGT and concluded that insulin resistance is the primary cause of IGT. Part of the problem could be the appropriate matching of subjects between groups. Indeed, with better matching of subjects for age, sex and obesity, there also does seem to be a decrease of the insulinogenic index in subjects with IGT [5, 87, 88] . This reduction in the early insulin response results in a lack of adequate suppression of hepatic glucose production with subsequent post challenge hyperglycaemia and increased insulin concentrations late in the test [5, 126] .
Clearly, it is difficult to match subjects for all the factors that could result in differences in insulin sensitivity if one is to use the insulinogenic index as an appropriate measure of beta-cell function. For example, how can one account for differences in ethnicity, adiposity or body fat distribution that may account for differences in insulin sensitivity and thus the response of the beta cell? One approach is to use a measure of insulin sensitivity and adjust the insulinogenic index appropriately. We have recently performed such an analysis using either the fasting plasma insulin concentration or the HOMA resistance index as a surrogate for the more sophisticated but more complicated measures of insulin sensitivity [88] . The findings obtained with both these surrogate measures of insulin sensitivity were similar.
A total of 531 first-degree relatives of subjects with Type 2 diabetes who themselves had never been diagnosed with diabetes were drawn from four ethnic groups (African American, Asian American, Caucasian and Hispanic American) in the United States [88] . In this large cohort, using recently defined criteria [127] , only 45% had NGT with 36% meeting the criteria for IFG and/or IGT and 19% the criteria for diabetes. The four ethnic groups had widely varying degrees of estimated insulin sensitivity even when they had NGT (Fig. 6A) . Reductions in glucose tolerance were associated with insulin resistance. Similarly, the early insulin response varied in magnitude in the [88] different groups with NGT and again when glucose tolerance was reduced, this parameter was also reduced (Fig. 6B) . When the insulin response was adjusted for the degree of insulin sensitivity, it was apparent that beta-cell function decreased progressively as glucose tolerance deteriorated and that the degree of beta-cell function did not differ by ethnic or racial group for any particular state of glucose tolerance (Fig. 6C) . This finding strongly supports the concept that although the magnitude might differ, the factors involved in the pathogenesis of Type 2 diabetes are similar in different ethnic groups and that beta-cell dysfunction is an important contributor.
This large number of subjects with varying degrees of glucose tolerance also provided us an opportunity to examine the contribution of insulin sensitivity and beta-cell function to a measure of glucose disposal after oral glucose ingestion. For these analyses, the efficiency of glucose disposal was assessed as the incremental glucose area under the curve for the 120 min after glucose ingestion. The relationship between insulin sensitivity, quantified as the HOMA resistance index, and glucose disposal was linear in nature but only accounted for 8% of its variance (Fig. 7A) . In contrast, the early insulin response was related to glucose disposal in a non-linear manner and accounted for 29% of its variance (Fig. 7B) . Beta-cell function, estimated as the insulinogenic index adjusted for insulin sensitivity, was also related to glucose disposal in a non-linear manner and accounted for 45% of its variance (Fig. 7C) . The latter relationship indicates that small changes in beta-cell function have rather large effects on glucose disposal in those who already have impaired disposal compared to subjects who have good tolerance. Further analyses of the cohort with NGT and those with IFG or IGT were also very informative (Fig. 8) . First, in subjects with NGT who were subdivided into two equal groups each comprising 120 subjects, one with better and the other with poorer glucose disposal, insulin sensitivity did Insulin sensitivity determined as the HOMA insulin resistance index and beta-cell function quantified as (⌬I30/⌬G30)/HOMA IR in 240 subjects with NGT divided into two groups (n=120 per group) based on their overall glucose tolerance during an OGTT (A) and in subjects with IGT (n=141) or IFG with or without IGT (n=50) (B). In subjects with NGT, beta-cell function is lower in those with poorer glucose tolerance while insulin sensitivity is not different. In subjects with IFG with or without IGT, both beta-cell function and insulin sensitivity are lower than in those with only IGT. Adapted from [88] not differ. However, those with the poorer glucose disposal had reduced beta-cell function. Thus, beta-cell function seems to be an important determinant of the variability in glucose disposal in subjects who are considered to have NGT. Second, when glucose metabolism deteriorates and IFG is present, both insulin sensitivity and beta-cell function are diminished suggesting that both abnormalities are simultaneously present in subjects with this more severe derangement in glucose metabolism.
Thus, the findings with the OGTT mirror those made with intravenous testing and strongly suggest that impairments in beta-cell function are present in subjects at high risk of developing Type 2 diabetes, even at a time when they are NGT or IGT. The mechanisms that underlie this change in beta-cell function and contribute to its progressive decline are an area of tremendous research focus.
One factor that we and others have been examining is the deposition of amyloid, which is found in the islets of up to 90% of patients with Type 2 diabetes [128, 129] . These deposits contain IAPP as their unique peptide component [130, 131] . However, the reason(s) why these deposits largely occur in Type 2 diabetes and are not typically observed in subjects with NGT are not clear. The presence of an amyloidogenic amino acid sequence as found in the human peptide is necessary, but on its own is not sufficient [132] . Studies using human IAPP transgenic mice suggest that consumption of increased dietary fat [133] or marked overproduction of IAPP [134, 135] could be important factors in triggering the commencement of islet amyloidogenesis. Work done on non-human primates [136] and transgenic mice [137] support the concept that islet amyloid deposition is an early event in the pathogenesis of Type 2 diabetes being associated with reductions in insulin release well before the onset of hyperglycaemia. In keeping with reduced insulin release in subjects with IGT and Type 2 diabetes after oral glucose ingestion, IAPP release is also progressively reduced in those subjects with impaired glucose metabolism [87] . Thus, it seems that increased IAPP release is not a prerequisite for continued amyloid deposition but rather the continued formation of amyloid is associated with parallel reductions in insulin and IAPP release and reduced beta-cell mass.
Insulin resistance and beta-cell dysfunction: can aspects of their pathogenesis be unified?
The primary metabolic variable glucose, is itself injurious in patients with Type 2 diabetes. This deleterious effect is often referred to as "glucose toxicity" or "glucose desensitization" [138, 139] . The negative impact of glucose has been clearly shown when plasma glucose concentrations reach the range associated with diabetes. In this scenario, glucose lowering is associated with improvements in both insulin sensitivity and insulin release [140] . However, there seems to be a threshold at which this effect is manifest and a preexistent abnormality is probably needed for glucose to exert a deleterious effect on insulin sensitivity and beta-cell function. This thesis is based on the observation that in apparently healthy subjects the production of hyperglycaemia by a continuous infusion of glucose for periods of up to 42-h is associated with enhancements of insulin sensitivity [141] and beta-cell function [141, 142, 143, 144] , rather than the production of insulin resistance and beta-cell dysfunction. These short term studies support the idea that an underlying functional abnormality exists and that the deleterious effects of glucose are an added problem.
The metabolic derangements of Type 2 diabetes include an increase in plasma NEFA concentrations [145] , which has been shown to produce deleterious effects on the insulin-sensitive tissues and the beta cell. Exposure to NEFA in vitro decreased insulin-mediated glucose uptake and glycogen synthesis [146] as well as reduced beta-cell function [147, 148] , encompassing both reduced insulin release and impaired proinsulin to insulin processing. In vivo, infusion of lipid emulsions and heparin in healthy subjects increased plasma NEFA concentrations to above the physiological range and were associated with the development of insulin resistance, an effect mediated by changes in post-receptor insulin signalling [149, 150, 151] . In response to this reduction in insulin sensitivity, insulin concentrations acutely increase as fatty acids stimulate beta-cell insulin release. Later, insulin concentrations are increased [152] , similar [153] or somewhat decreased [154] . However, the lack of an increase in the insulin response is inappropriate in the presence of insulin resistance. Thus, increased NEFA seem to inhibit beta-cell function in vivo. A number of questions remain unanswered from these observations in humans. First, does this relative insulin deficiency represent a true loss of an adaptive response or does adaptation to insulin resistance take longer than the 2 days over which the infusion was administered? Second, if NEFA impair beta-cell function, is an underlying defect essential for the associated reduction in beta-cell function to occur? Third, as with glucose, how does an impairment in the regulation of plasma NEFA concentrations, albeit mild, develop?
A portion of the answer could lie in the early impairment of beta-cell function. The associated reduction in insulin release would be anticipated to result in increased glucose production, reduced efficiency of glucose uptake and increased lipolysis. These aberrations might produce mild increases in plasma glucose and NEFA concentrations. As these substrates increase, they would feed forward in a vicious cycle that begets more insulin resistance and poorer beta-cell function. In addition to its critical role in regulating glucose, lipid and protein metabolism, insulin also has important central nervous system effects, where its action in the hypothalamus reduces food intake and increases energy expenditure [155] . Therefore, a deficiency of insulin action in the brain has the potential to increase body weight, which in turn would diminish insulin sensitivity [156] . Thus, one can envision a beta-cell defect that has a genetic basis and is associated with a reduction in insulin release producing a phenotype of obesity and impaired carbohydrate, lipid and protein metabolism.
Insulin resistance and beta-cell dysfunction: where are we now and what does the future hold?
Today, the importance of both insulin resistance and beta-cell dysfunction in the production of the hyperglycaemia of Type 2 diabetes is apparent. While some may still debate the relative roles of these two parameters, we believe that available data clearly indicate that both are typically present very early in the natural history of the disease. The progressive nature of established Type 2 diabetes is well recognised, and occurs despite attempts to maintain glucose as near to normal as possible [14] . Based on the UKPDS [18] and the longitudinal assessment in Pima Indians [95] , the major reason for the decline in glucose tolerance seems to be a progressive loss of beta-cell function. Unfortunately, at this time there is no known pharmacological intervention that is capable of preventing this inexorable decline in beta-cell function in Type 2 diabetic patients.
Recently, a great deal of effort has been made on slowing or even preventing the development of Type 2 diabetes in high risk subjects. In this context, a lifestyle intervention, typically comprising a combination of diet and exercise, reduced the risk of progression from IGT to Type 2 diabetes. This effect was first shown in a feasibility study in Malmö, Sweden [157] . This Swedish study provided the basis for the design of the Da Qing study in China [158] , the Finnish Diabetes Prevention Study [159] and the DPP carried out in the United States [16] . All three of these large intervention studies showed a reduction in risk to develop Type 2 diabetes by up to 58% compared to placebo. The mechanisms by which lifestyle changes reduced the rate of development of diabetes in these prevention studies has yet to be reported. However, one can anticipate that the resultant weight loss was associated with improved insulin sensitivity. Further, as a slowing of progression was due to an improvement in glucose tolerance, it is likely that the relationship between insulin sensitivity and insulin secretion changed in accord with an improvement in beta-cell function. However, despite continued intervention, glucose concentrations started to increase again over time. Thus, it seems that a progressive decline in insulin sensitivity and/or beta-cell function was occurring.
While lifestyle changes are clearly beneficial in reducing the risk of developing Type 2 diabetes, they are not practical for all subjects. Thus, medication-based interventions have been and continue to be tested with a number of compounds. In the DPP, metformin was found to be capable of reducing the rate of development of diabetes by 31% relative to placebo [16] . Again, the mechanism by which this effect occurred in subjects with IGT has not yet been reported, but what is apparent is that the compound was more efficacious in terms of modulating the fasting glucose than it was the postprandial glucose. Most recently, the STOP-NIDDM study showed that in subjects with IGT, the α-glucosidase inhibitor acarbose reduced the risk of developing diabetes by 25% [160] . This is interesting because this outcome was achieved with a medication that primarily reduces prandial glucose excursions by slowing glucose absorption from the gastrointestinal tract. Whether the effect of acarbose in this study included indirect effects on insulin sensitivity and beta-cell function, perhaps mediated by the reduction of glycaemia, awaits further analysis. Finally, the TRIPOD study has assessed the effect of troglitazone, a thiazolidinedione, in women with a history of gestational diabetes [161] . This study involved a much smaller cohort and showed that the onset of diabetes could be reduced by 55% with this agent. Furthermore, using sophisticated testing, it was demonstrated that the improvement in insulin sensitivity produced by the medication was associated with an improvement in beta-cell function. Since the DPP initially included a troglitazone treatment arm [162] , it will be interesting to learn whether the insulin sensitizer also reduced the risk of developing diabetes in this large diabetes prevention study. Two more large prevention studies examining the effects of the insulin sensitizer rosiglitazone [163] and the beta-cell secretagogue nateglinide [164] have been initiated and should provide further insight into the potential for primary prevention of Type 2 diabetes using approaches that tackle the fundamental defects of the disease prior to the development of clinical hyperglycaemia.
What does the future hold? It is filled with promise, which has to be tempered by the recognition of the magnitude of the problem we face. The broadening of our understanding of the pathophysiology of Type 2 diabetes, in part by the explosion in and continued development of molecular approaches, has moved us forward. It provides the basis for potentially identifying the genetic basis of the disease and for developing new approaches to both the treatment and prevention of Type 2 diabetes. The recent post-hoc analyses showing a possible protective effect on the development of diabetes of the ACE inhibitor ramipril [163] and the HMG CoA reductase inhibitor pravastatin [165] are enticing and emphasise that there are many aspects of the pathogenesis and treatment of the disease that still need to be uncovered.
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